• To review the frequency of weaning failure • To discuss the logic of weaning, ie, questions to ask when approaching the ventilated patient • To assess available predictors of weaning success and failure • To describe the techniques of weaning and the evidence supporting their use • To understand special considerations in weaning, eg, auto-positive end-expiratory pressure, imposed work of breathing, cardiac ischemia, the importance of psychological factors, routine interruption of sedation and of a systematic approach to weaning
Introduction

W
eaning from mechanical ventilation is the process of freeing the patient from dependence on mechanical ventilatory assistance. The use of the term "weaning" must be distinguished from the term "extubation," which is the removal of the endotracheal tube. As is obvious at the bedside, but sometimes vague in studies that describe the outcomes of ventilated patients, the criteria for weaning differ from those of extubation, as some patients may be able to support normal ventilation but still require an endotracheal tube to provide airway protection.
This chapter will first review the frequency with which weaning fails, and will then discuss the weaning process, beginning with the logic of weaning. A discussion of weaning predictors follows, with emphasis on predictors of weaning success and of weaning failure. Available weaning predictors are assessed critically with specific attention to their diagnostic performance. Techniques of weaning are reviewed, followed by an analysis of available studies regarding the preferred approach to weaning patients from mechanical ventilation. Finally, special considerations in weaning, such as work of breathing measurements, the role of auto-positive
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James K. Stoller, MD, MS, FCCP end-expiratory pressure (PEEP), psychological factors, and management of sedation are addressed.
In the context that evidence-based guidelines for weaning and discontinuing ventilatory support were issued in late 2001 by a collective task force of the American College of Chest Physicians, the American Association for Respiratory Care, and the American College of Critical Care Medicine. 1 These guidelines are presented (Table 1 ) and cited where appropriate.
Logic of Weaning: Questions To Ask
The process of weaning proceeds by addressing two sequential questions: a) Is the patient a candidate to begin weaning? b) If the patient is deemed a candidate to wean, is weaning likely to succeed? This logic is reflected in 1 and 2 of the available evidence-based guidelines on weaning (Table 1) . In this context, to initiate weaning, the following conditions must be satisfied:
Recommendations
• Improvement in the underlying process causing respiratory failure • Adequacy of mental status and muscular strength, including -Resolution of the effects of sedating and paralyzing medications -Wakefulness sufficient to allow cooperation in weaning and to allow subsequent extubation, as well as ability to clear and handle secretions • Hemodynamic stability, generally considered to be resolution of sepsis or the need for pressor support • Normality of acid-base and electrolyte status, with special attention given to assuring restoration of baseline acid-base balance (ie, allowing hypercapnia if chronically present and avoiding new metabolic alkalosis) and to assuring the normality of electrolytes that affect muscle function (eg, phosphate, calcium, and potassium) • Nutritional repletion • Adequacy of oxygenation, eg, PaO 2 exceeding 60 Recommendation 1: In patients requiring mechanical ventilation for > 24 hours, a search for all the causes that may be contributing to ventilatory dependence should be undertaken. This is particularly true in the patient who has failed attempts at withdrawing the mechanical ventilatory. Reversing, all possible ventilatory and non-ventilatory issues should be an integral part of the ventilatory discontinuation process.
mm Hg (8.0 kPa) with FIO 2 of <0.5 and PEEP of <5 cm H 2 O.
When the aforementioned conditions are satisfied, it is reasonable to proceed with weaning. Attention then turns to assessing the likelihood that the weaning effort will succeed. In this regard, many different predictors of weaning have been proposed.
2,3
Predictors of Weaning
Weaning prediction is the process of estimating the likelihood that weaning and/or extubation efforts will succeed or fail in a specific patient at a specific time. As with decision-making in clinical medicine in general, weaning success or failure is a dichotomous outcome (ie, the patient either does or does not wean) and the process of predicting weaning outcome involves applying a weaning predictor to estimate the probability of weaning or extubation failure or success.
2
Many different weaning predictors have been proposed (Table 2) .
2,3 Available univariate (single variable) predictors include measures of lung mechanics and work of breathing (eg, forced vital capacity, maximal inspiratory pressure), measures of gas exchange adequacy (eg, ratios of PaO2/FIO2 and PaO2/PAO2), and measures of the adequacy of systemic perfusion (ie, gastric intramural pH).
Tables 3 through 5 review the statistical performance of several commonly used univariate weaning predictors (ie, the minute ventilation of <10 L/min [Table 3 ], the forced vital capacity [ Table  4 ], and the maximal inspiratory force of <-30 cm H 2 O [ Table 5 ]) and show that the positive predictive values of univariate weaning predictors generally exceed their negative predictive values. Remembering that the positive predictive value estimates the likelihood that the patient will wean if the predictor indicates success and that the negative predictive value estimates the likelihood of weaning failure if the predictor indicates failure, it can be concluded that univariate predictors are more reliable indicators of weaning success than they are of weaning failure. That is, the failure to satisfy the univariate weaning predictor does not confidently predict failure to wean; as shown by Krieger et al, 4 slavish attention to deferring weaning when a univariate weaning predictor is not met could unduly delay weaning (ie, in up to 41% of patients using the maximal inspiratory force of <-30 cm H 2 O as the criterion).
To improve the capability to predict weaning success and failure, a number of multivariate weaning predictors have been developed and evaluated.
2, 3, 5 As reviewed in Table 6 , 2, 6-16 these multivariate predictors vary in content from simple combinations of univariate predictors (eg, maximal minute ventilation > twice minute ventilation, maximal inspiratory force of <-30 cm H 2 O, and minute ventilation of <10 L/min) to more complex scoring systems that assess dozens of clinical variables and provide an overall score that is used to predict weanability (eg, the Adverse Factor and Ventilator Score 7 and the Burns Weaning Assessment Program 13 ). In general, these multivariate indices demonstrate higher positive and negative predictive values than the univariate predictors; they are, therefore, more useful and reliable predictors, although their general failure to achieve perfect predictive capability should cause the astute clinician to regard them with circumspection in completely assuring or excluding weanability.
As a specific example of a widely used multivariate weaning predictor, the rapid shallow breathing index (otherwise known as the frequency to tidal volume ratio [f/VT]) calculates the patient's spontaneous breathing frequency divided by the patient's spontaneous tidal volume in liters, both determined with the patient who does not receive mechanical ventilatory assistance (ie, breathing through an endotracheal tube connected to a respirometer). As first proposed by Yang and Tobin, 10 an f/VT value of <105 was found to best discriminate between patients who were successfully weaned (defined as maintaining spontaneous breathing for >24 hrs after extubation) and who were not successfully weaned. This threshold value was developed from a "hypothesis-generating" set of 36 patients and subsequently validated in a "hypothesis-testing" set of 64 patients, in whom an f/VT of >105 had an overall negative predictive value (the chance that a patient would fail to wean if f/VT exceeded 105) of 0.95 and a positive predictive value of 0.78. In the subset of 20 patients who received mechanical ventilation for >8 days, the negative and positive predictive values were slightly lower (0.89 and 0.64, respectively), emphasizing the increased difficulty of establishing unweanability in long-term, mechanically ventilated patients. Subsequent studies 1, 15 have largely confirmed the usefulness of the rapid shallow breathing index, while also emphasizing its shortcomings in predicting weaning outcome when nonrespiratory factors are at play (eg, congestive heart failure or upper airway obstruction as causes).
At the same time, Vallverdu et al 17 have emphasized that the diagnostic accuracy of different weaning parameters differs according to the underlying cause of respiratory failure. Specifically, in a series of 217 consecutive patients with respiratory failure of various etiologies, the rapid shallow breathing index demonstrated highest diagnostic accuracy in predicting weaning success in patients with chronic obstructive pulmonary disease (COPD) (0.76), but lower accuracy in patients with neurologic disease (0.65) or miscellaneous causes of acute respiratory failure (0.66). In contrast, values of maximal inspiratory pressure and maximal expiratory pressure best distinguished patients who were successfully intubated vs those patients who failed extubation when the cause of respiratory failure was neurologic disease. Overall, the recent evidence-based guidelines report 1 concludes that "judging by areas under the receiving operator curves for all variables, none of these variables demonstrate more than modest accuracy in predicting weaning outcome." The putative reason is that in available studies, clinicians making weaning decisions have already considered the results of weaning predictors when choosing patients for weaning. 19 showed that in 195 patients who were being weaned, T-piece trials of increasing duration were used most commonly (24%), followed by synchronized IMV weaning (18%), pressure-support weaning (15%), and combined pressure-support with an IMV back-up rate (9%). Other combinations applied concurrently or in succession were used in 33%. Finally, in a recent randomized trial 22 of daily observation of sponta- neous (T-piece) breathing vs "routine" weaning practice, the most common routine weaning mode was pressure-support with IMV (43%), followed by IMV alone (31%), pressure-support alone (15%), continuous positive airway pressure (CPAP) (5%), and other (6%). Recent attention has focused on comparing available techniques of weaning. Three important studies have provided important insights. Each of the weaning techniques is described below, followed by a summary of the evidence supporting specific techniques of weaning.
Techniques of Weaning
T-Piece Trials
Also known as Briggs trials, T-piece trials allow the patient to breathe spontaneously through the endotracheal tube (or tracheostomy) connected to a T-piece set-up. CPAP can be applied to the T-piece circuit, although PEEP levels >5 cm H 2 O would be unlikely during weaning trials, because adequate oxygenation on acceptably low levels of PEEP is considered a criterion for beginning weaning.
Intermittent Mandatory Ventilation Weaning
IMV weaning was first proposed in 1973 as a new and preferred weaning strategy. 23 With IMV weaning, a volume and frequency of breaths are set, and the frequency is decreased gradually until the patient has assumed most of the minute ventilation.
Pressure Support Ventilation
Unlike IMV, which is a volume-cycled mode of mechanical ventilation, pressure support ventilation 24 delivers gas at a set pressure level for a duration determined by the patient's inspiratory flow demands (ie, flow-cycled). Pressure support weaning involves the gradual diminution of the pressure level, allowing the patient gradually to assume more of the work of breathing (WOB).
Studies Comparing Weaning Modes
Three controlled trials 18, 21, 25 have contributed important insights and comparisons of available weaning strategies. Brochard et al. 18 conducted a randomized, controlled trial in which 109 patients who failed initial weaning attempts were randomized to one of three weaning strategies: a) T-piece trials, in which progressively increasing intervals of spontaneous breathing through a T-piece were undertaken until the patient tolerated up to three T-piece trials lasting 120 mins (n = 35 patients); b) synchronized IMV weaning, in which the IMV rate was decreased by 2 to 4 breaths/min twice daily, until the patient tolerated 24 hrs at an IMV rate of <4 (n = 43 patients); or c) pressure-support weaning, in which the level of pressure was decreased by 2 or 4 cm H 2 O twice daily until the patient could tolerate breathing at pressure-support of <8 cm H 2 O for 24 hrs (n = 31 patients). The study concluded that pressure support was the preferred weaning mode (Figure 1 ) based on the following: a) Fewer patients failed to wean with pressure-support than with the other modes (23% vs 43% [T-piece] and 42% [IMV], p < 0.05); b) time-to-event analysis showed that the probability of requiring continued ventilatory support was lower with pressure support than with the other modes (p = 0.03); and c) weaning duration was shorter with pressure support (mean 5.7 + 3.7 days) than for the other modes pooled (mean 9.3 + 8.2 days, p <.05). In a second randomized trial of weaning modes, Esteban et al. 25 randomized 130 patients who had failed initial weaning attempts to one of four weaning modes: a) IMV weaning, in which the rate was decreased by 2 to 4 breaths/min at least twice daily until the patient tolerated an IMV rate of <5 for 2 hrs (n = 29 patients); b) pressure support weaning, in which the pressure was decreased by 2 to 4 cm H 2 O at least twice daily until a pressure support level of 5 cm H 2 O was tolerated for 2 hrs (n = 37 patients); c) intermittent trials of spontaneous breathing, in which T-piece trials of increasing length were undertaken at least twice daily until the patient could tolerate 2 hrs of spontaneous breathing (n = 33 patients); and d) once-daily T-piece trials, in which a single T-piece trial was undertaken daily until 2 hrs of spontaneous breathing were tolerated without distress (n = 31 patients). Unlike the study by Brochard et al, 18 this study concluded that a once-daily T-piece trial was the preferred strategy (Figure 2) , based on the following findings: a) The rate of successful weaning was higher with this technique than with IMV or pressure support weaning; and b) weaning was more rapid with once daily T-piece trials than with pressure support or IMV modes.
Finally, the most recent controlled trial of different weaning strategies by Ely et al 21 randomized patients to a once-daily respiratory assessment and trial of spontaneous breathing for up to 2 hrs with physician notification of a successful trial (n = 149 patients) versus usual care by the managing physicians (pulmonologist, cardiologist, or intensivist; n = 151 patients). As shown in Figure 3 , this study shows that a strategy of conducting daily trials of spontaneous breathing is preferred because this approach was associated with shorter weaning time (median 1 vs 3 days, p < 0.001), shorter duration of mechanical ventilation (median 4.5 vs 6 days, p < 0.003), fewer total complications (20% vs 41%, p < 0.001), a lower rate of reintubation (4% vs 10%, p = 0.04), and lower ICU costs (median $15,740 vs $20,890, p < 0.03). Overall, these three studies show that contrary to early views and practices, 22 IMV weaning is the least likely to effect successful extubation and requires longer weaning than other More recently, Esteban et al 27 examined whether a spontaneous breathing trial should last <2 hrs (ie, 30 mins) before extubation In a multicenter trial in which 526 patients were allocated randomly to 30-vs 120-min trials of spontaneous breathing, these investigators found no differences between the two durations in rates of extubation failure or ICU or hospital mortality, but a longer length of hospital stay in the group undergoing a 2-hr trial. These findings, which have been confirmed by Perren et al, 28 endorse use of the shorter, 30-min period of spontaneous breathing before an extubation decision.
Finally, recent attention has turned to the value of noninvasive ventilation in accelerating extubation. Nava et al 29 conducted a randomized, controlled trial in which patients intubated because of acute ventilatory failure complicating COPD were randomized to a traditional pressure-support weaning approach versus a new strategy (in which patients were extubated after 48 hrs and managed thereafter with noninvasive ventilation). Patients managed with noninvasive ventilation experienced several advantages: a) fewer days on mechanical ventilation; b) fewer days in the ICU; c) a higher weaning success rate on day 21; d) a lower rate of nosocomial pneumonia; and e) a higher survival rate at 60 days (92% vs 72%, p = 0.0009). These and other, more recent confirmatory results from Girault et al 30 suggest that early extubation with subsequent noninvasive ventilatory support may be a beneficial weaning strategy in patients with respiratory failure due to COPD. Kaplan-Meier analysis of the duration of mechanical ventilation after a successful screening test. After adjustment for the severity of illness at baseline (as measured by the APACHE II score), age, gender, race, location of the ICU, and duration of intubation before enrollment, a Cox proportional hazards analysis showed that mechanical ventilation was discontinued more rapidly in the intervention group than in the control group (relative risk of successful extubation, 2.13; 95% confidence interval, 1.55 to 2.92; p < 0.001). Reproduced with permission from Ely et al. 21 
Special Considerations in Weaning
To optimize the possibility of weaning, attention to several special considerations can be helpful in some clinical circumstances. These special considerations include: a) the possibility of unsuspectedly high imposed WOB and the contribution of the endotracheal tube, b) auto-PEEP as a source of increased inspiratory work in circumstances where dynamic hyperinflation accompanies airflow limitation, c) occult cardiac ischemia as an impediment to weaning, d) the importance of psychological readiness and motivation to wean, e) the importance of routine daily cessation of sedative medications in patients receiving mechanical ventilation, and f) the importance of implementing protocols by respiratory therapists and/or nurses to accelerate liberation from mechanical ventilation. Each of these special considerations is discussed below.
Work of Breathing and Role of the Endotracheal Tube
Measuring the inspiratory WOB by integrating the area under a pressure-volume curve has been advocated because elevated WOB predicts inspiratory muscle fatigue with subsequent weaning failure as an expected consequence. Various threshold values of WOB have been proposed (Table  7) , [31] [32] [33] [34] [35] but few of these threshold values have been validated prospectively or compared head-to-head with other available weaning parameters. In a small, hypothesis-generating study of 17 patients, Fiastro et al 34 compared WOB with vital capacity, negative inspiratory force, tidal volume, and minute ventilation as weaning predictors and showed that as WOB values decreased <1.60 kg•m/min (16 joules/min), WOB better discriminated between patients with weaning success versus weaning failure than did the other more conventional measures. Until recently, the persisting uncertainty about a useful threshold value for WOB and the lack of methods for easy and widespread clinical measurement precluded adoption of WOB measurement for clinical practice outside of an investigative context. More recently, commercial devices that permit straightforward measurement of WOB have become available and have fostered enthusiasm for using WOB measurements in guiding weaning decisions. For example, Gluck et al 16 compared a weaning protocol using measurements of WOB and f/VT with a clinical approach using conventional weaning criteria (eg, minute ventilation, negative inspiratory force, tidal volume, and static compliance) in 23 ventilated patients. This study showed that the protocol incorporating WOB measurements would hasten weaning in at least 41% of instances and that the projected duration of weaning was shortened in these patients by 1.68 days.
Apart from appreciating the potential value of measuring WOB to enhance decision-making about weaning, clinicians should be attentive to sources of imposed WOB that can hamper weaning. That the endotracheal tube can contribute importantly to imposed WOB has been shown by Shapiro et al. 36 In a study of three normal volunteers breathing through endotracheal tubes of various caliber (6-to 10-mm inner diameter), these investigators showed that WOB rose precipitously as the caliber decreased and as minute ventilation rose. For subjects breathing through 6-and 7-mm inner diameter tubes at levels of minute ventilation routinely achieved clinically (15 to 25 L/min), the tension-time index approached values of 0.15 at which respiratory muscle fatigue is expected. Thus, use of larger caliber (ie, >7.5-mm inner diameter) endotracheal tubes and avoidance of nasotracheal intubation in patients experiencing weaning difficulty are advised. More recently, WOB measurements have been shown to be useful in helping to identify pa- 37 From a group of 116 surgical ICU patients on mechanical ventilation for >48 hrs, Kirton et al 37 identified 28 patients (24%) with oral endotracheal tubes of >8-mm inner diameter who developed marked tachypnea during a CPAP trial despite satisfying simple weaning criteria. WOB measurements in these 28 patients were performed and included a measurement of the work imposed by the endotracheal tube. Using a value of <0.8 joules/L as a WOB threshold, the investigators identified six patients with total WOB below this value, all of whom were successfully extubated. Of the remaining 22 patients whose total WOB measurements exceeded this threshold (mean WOB 1.6 + 0.83 joules/L), 21 patients were found to have a major component of their total WOB imposed by the endotracheal tube, leaving their "physiologic" work of breathing below the threshold value. Extubation was successfully undertaken in all 21 (with subsequent reintubation for unrelated and unpredictable reasons in two patients), leading to the conclusion that high imposed WOB can unsuspectedly contribute to weaning failure and that WOB measurements directed at identifying the components of "imposed" and "physiologic" WOB can enhance decision-making in a subset of difficult-to-wean patients.
Auto-PEEP as a Source of Imposed Work of Breathing
Auto-PEEP is defined as PEEP that is present in the alveoli but not measured at the mouthpiece without special maneuvers, 38 eg, an end-expiratory hold. Synonyms for auto-PEEP include intrinsic PEEP, occult PEEP, endogenous PEEP, and unidentified PEEP. As shown by Brown and Pierson, 38 auto-PEEP occurs commonly among mechanically ventilated patients (39% of 62 patients assessed) and may produce high alveolar pressures at endexpiration (ie, up to 15 cm H 2 O). Three varieties of auto-PEEP can be considered, 39 each of which may occur under distinct physiologic circumstances even though several types may coexist. The first type is auto-PEEP with dynamic hyperinflation and airflow limitation, which commonly accompanies COPD, both in spontaneously breathing and mechanically ventilated patients. Other types include auto-PEEP with dynamic hyperinflation but no airflow limitation (eg, during high minute ventilation or with a small endotracheal tube that hampers lung emptying) and auto-PEEP without dynamic hyperinflation (eg, due to expiratory muscle recruitment).
In considering weaning, the first type of auto-PEEP-auto-PEEP with dynamic hyperinflation and air flow limitation-is most significant because such auto-PEEP imposes an inspiratory threshold load that must be overcome by the inspiratory muscles before inspiration can begin. 38, 40, 41 Such auto-PEEP arises when lung emptying is impaired due to expiratory airflow resistance and expiratory flow limitation; end-expiratory lung volume then exceeds resting functional residual capacity; air is trapped at end-expiration and alveolar pressure exceeds downstream pressure (at the mouth) with resulting auto-PEEP. By imposing an inspiratory load, such auto-PEEP can be the source of imposed WOB. As shown by Petrof et al 40 and Smith and Marini, 41 application of external PEEP can decrease the inspiratory WOB by offsetting the inspiratory load imposed by the auto-PEEP. Levels of external PEEP, up to ~85% of the auto-PEEP, can lessen imposed WOB without increasing end-expiratory lung volume or lessening cardiac output. On this basis, clinicians should be attentive to the possibility of auto-PEEP in managing patients on mechanical ventilation. If found in a clinical circumstance favoring dynamic hyperinflation with airflow limitation (ie, in patients with COPD), careful application of external PEEP to levels not exceeding the level of auto-PEEP may be helpful to lessen imposed WOB and enhance weaning.
Other Special Considerations in Weaning
Besides giving attention to WOB imposed by the endotracheal tube and by auto-PEEP, clinicians should appreciate other potential impediments to weaning, including unsuspected cardiac ischemia, 42 the patient's anxiety and lack of psychologic readiness to wean, 43 and the lack of a systematic weaning routine in the ICU. Recent studies suggest that weaning can be accelerated by detection and treatment of cardiac ischemia, by providing biofeedback to lessen anxiety and to assure ventilatory targets, and by implementing a team to conduct regular weaning 44 and/or weaning protocols supervised by respiratory therapists and nurses, 45, 46 at least in adults. In contrast to the results from several randomized trials in adults in which protocols implemented by respiratory therapists and/or nurses were associated with accelerated liberation from mechanical ventilation, 45, 46 results from a recent trial in mechanically ventilated children (<18 years of age) failed to show that protocols shortened the duration of ventilator dependence . 47 While the precise reason for discordance with the results of the adult trials remains uncertain, it is possible that the already short duration of mechanical ventilation in control pediatric patients (median 2 days) makes it difficult to show significant acceleration of weaning.
Other interventions found to accelerate weaning were use of a collaborative, multidisciplinary weaning approach using a bedside weaning board and flow sheet 48 and respiratory therapists' using a handheld computer on which a weaning protocols is programmed. 49 The former intervention has been associated with a shortened ICU length of stay and a trend toward shortened time on mechanical ventilation in adults. Regarding the second, 49 compared with using a weaning protocol on paper, respiratory therapists' using a handheld computer with a weaning protocol was associated with a shorter time to beginning a weaning trial (mean 49.9 vs 72.5 hours, p = 0.018) and had a shorter ICU length of stay (mean 6.2 vs 7.7 days, p = 0.018). Finally, a recent randomized controlled trial has shown that daily interruption of sedative medications to reassess neurologic status and weaning readiness in adults is associated with a shortened duration of mechanical ventilation. 50 
